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The region of the bacteriophage A2 genome involved in site-specific recombination with the DNA of Lactobacillus spp. has been
identified. Two orfs, transcribed from the same strand, have been found immediately upstream of the phage attachment site (attP).
The orf adjacent to attP predicts a 385-amino-acid protein that presents significant similarity with site-specific recombinases of the
integrase family. The other orf encodes a basic polypeptide of 76 amino acid residues. The junctions of the prophage with the
genomes of its hosts have been determined, allowing the identification of the host attachment site (attB), which has a common
19-nucleotide core region with attP. The attB site is located at the 39 end of the transfer RNALeu gene (anticodon CAA).
Nonreplicative plasmids containing the A2-specific recombination cassette integrate into different lactobacilli but also into
unrelated Gram-positive bacteria such as Lactococcus lactis and even into Escherichia coli. In Lc. lactis, integration occurs in a
previously unknown intergenic region, whereas in E. coli, it maps within the rrnD operon, 59 of rrsD gene. Comparison of the
integration sites in the different hosts indicates that some flexibility is permitted in the attB sequence, since Lc. lactis and E. coli
only share 13 and 11 nucleotides, respectively, with the 19-nucleotide core sequence of the lactobacilli. © 1998 Academic Press
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INTRODUCTION
Lactic acid bacteria (LAB) are widely used in the food
industry for fermentation of dairy and other products. Major
sources of disruption in industrial fermentations are (1) the
instability of many of their properties of applied interest due
to the location of their genetic determinants on plasmids
(Novel, 1994) and (2) bacteriophage development (Accolas
et al., 1994). The magnitude of this last problem and its
economic impact has leaded to a considerable number of
studies on LAB phages and the natural phage resistance
mechanisms of bacteria (for comprehensive reviews, see
Chopin and Chopin, 1994; Hill et al., 1996; Klaenhammer
and Fitzgerald, 1994). On the other hand, stabilization of
important traits may be obtained through chromosomal
integration of the corresponding genes. Lysogenic phages
integrate into the host DNA in a site-specific manner, and
usually this process does not inactivate host genes (Camp-
bell, 1992). Consequently, vectors encoding phage integra-
tion functions may be very useful in the stabilization of
foreign DNA segments. Site-specific integration occurs
through a single recombination step between the attach-
ment site of the phage (attP) and that of its host (attB)
(Campbell, 1962). The attachment sites usually have a ho-
mologous core region into which the exchange of strands
takes place. The recombination process is catalyzed by
phage- and host-encoded proteins. Phages always seem to
encode an integrase that covalently binds to attP and me-
diates the strand exchange (Pargellis et al., 1988). In phage
l, integration is also dependent on a host-encoded protein,
the integration host factor (IHF), which contributes to the
process by its ability to bend DNA (Landy, 1989).
A2 is a temperate phage of the family Siphoviridae that
was isolated from a homemade cheese whey sample for
its ability to infect strains of Lactobacillus casei and
Lactobacillus paracasei. The phage genome consists of
a 44-kb double-stranded DNA molecule bearing 39-pro-
truding cohesive ends (Garcia et al., 1997; Herrero et al.,
1994). The phage integrates into the host DNA by a
site-specific recombination process that involves a se-
quence located near the center of its physical map (Her-
rero et al., 1994).
In this report, we describe the genetic elements re-
quired for site-specific integration of bacteriophage A2:
(1) the phage attP and bacterial attB attachment sites
and (2) the gene that encodes the integrase. A plasmid-
borne integration cassette is shown to be functional on
the genomes of the natural hosts of the phage, on other
distantly related LAB, and on unrelated Gram-negative
bacteria like Escherichia coli.
RESULTS
Nucleotide sequence and genetic organization of the
A2 integration region
Previous results have shown that one integrated copy
of the phage A2 DNA was present in the genome of a
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lysogenic derivative of L. paracasei ATCC 27092 (Amer-
ican Type Culture Collection) (Herrero et al., 1994). The
attP phage attachment site was located in a 2.7-kb BglII–
EcoRI segment that mapped to the center of the physical
map of the phage. Nucleotide sequence analysis of this
region (Fig. 1) revealed two open reading frames (orFs)
that were translated on the same strand: the first, orfA
(nucleotides 213–440), codes for a small basic polypep-
tide of 76 amino acids (pI 5 12.3) and a predicted mo-
lecular mass of 8.82 kDa. The second, orfB, has two
alternative start points of translation at positions 444 and
518 and codes for 410- or 385-residue-long polypeptides,
respectively. No ribosome binding sites (RBS) could be
predicted upstream of orfA or the first potential initiation
codon of orfB. Nevertheless, the second AUG is pre-
ceded by a typical RBS. It is likely, therefore, that the
second start codon of orfB could be used in vivo, sug-
gesting that the product of its expression would be a
basic (pI 5 10.5) polypeptide of 43.9 kDa. A 19-bp in-
verted repeat, with a 4-bp space, was found 390 bp
FIG. 1. DNA sequence of the phage A2 integration region. The predicted amino acid sequences of ORFA and ORFB are shown below the nucleotide
sequence. (RBS) Putative ribosome binding site. (Boxed) The attP core region. (Underlined) Some of the direct and inverted repeats. (Converging
dashed arrows) Position of the putative terminator. (Bold and underlined) The four conserved amino acid residues of integrases. The relevant
restriction sites and the primers used in reverse PCR experiments are also indicated.
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downstream of the orfB stop codon. It could form a
hairpin secondary structure [224 kcal/mol (1 cal 5 4.184
J)] and play a role as a terminator of transcription. The
region between orfB and the inverted repeat resembles a
typical attP region: it is A 1 T rich (60%), and many
repeated stretches, as well as poly(A) and poly(T) se-
quences, were found (Fig. 1).
In most phage site-specific integration systems stud-
ied to date, the gene that encodes the integrase is
adjacent to the attP site (Carroll et al., 1995). The de-
duced product of orfB, located immediately upstream of
the putative A2 attP site, could play this role in phage A2.
Integrase sequences are poorly conserved, although
their carboxyl-terminal segments can be aligned into two
domains involved in recognition of specific DNA se-
quences. Of special relevance are four invariant amino
acid residues (Abremskii and Hoess, 1992; Argos et al.,
1986; Dupont et al., 1995) that are present in ORFB at the
expected positions (Fig. 1). Furthermore, ORFB showed
25.5% identity (380 amino acids) with the integrases of
the Lc. lactis bacteriophages fLC3 and Tuc2009 (Lille-
haugh and Birkeland, 1993; van de Guchte et al., 1994)
and 20.9% (352 amino acids) and 26.6% (124 amino ac-
ids) identity with those of the thermophilic lactobacilli
phages fadh (Fremaux et al., 1993) and mv4 (Dupont et
al., 1995), respectively. Based on these data, we postu-
lated that orfB corresponds to the gene that encodes the
A2 integrase (int).
With respect to ORFA, no sequence similarities were
found with other proteins present in the data bases.
Characterization of the host region involved in A2
prophage integration
Reverse PCR of lysogenic L. paracasei ATCC 27092
DNA was used to amplify the left (attL) and right (attR)
junction points of phage A2 DNA into the host genome.
Comparison of their sequences with the attP region
identified a 19-bp core stretch, 59-TGATACCGGTGATCG-
GGGT-39, common to all three sequences, that is located
231 bp downstream of the orfB stop codon (Figs. 1 and 2).
On the basis of the attL and attR nucleotide sequences,
two new primers (b1 and b2; Table 1) were designed and
used to amplify the attB region of a nonlysogenic L.
paracasei ATCC 27092 DNA. Sequence analysis con-
firmed the presence of the core segment in the bacterial
genome (Fig. 2), indicating that this 19-bp sequence is
the site of recombination between the phage and host
genomes.
Comparison of the attB region with nucleic acid se-
quences stored in data bases showed 90.6% and 73.2%
identity, respectively, with the Staphylococcus aureus
and Bacillus subtilis tRNALeu gene that has the anticodon
CAA (Green and Vold, 1993, Vold et al., 1988). This most
probably indicates that A2 integrates in a tRNALeu gene
of its host, L. paracasei ATCC 27092. The attB core region
composed the 39 end of the gene, indicating that phage
insertion restores a functional hybrid tRNALeu (UUG)
gene (Fig. 2).
Development of a chromosomal insertion vector
based in the integration cassette of phage A2
To test whether the A2 int–attP region was sufficient to
mediate site-specific recombination in vivo, an integra-
tive plasmid, pEM40, was constructed by cloning this
cassette (from nucleotides 409–2075 in Fig. 1) into
pUC19E (Table 1). This plasmid is a ColE1-type replicon
that consequently does not replicate in Gram-positive
bacteria but carries an erythromycin resistance (Emr)
marker for selection in them. Plasmid pEM40 trans-
formed L. casei ATCC 393 quite efficiently, yielding ;103
Emr transformants/mg of DNA, whereas the control
pUC19E failed to render Emr colonies under the same
experimental conditions.
Total DNA from four randomly chosen Emr transfor-
mants was digested with ClaI, which cleaves once within
the int gene. The DNA was used in Southern blot hybrid-
izations using pEM40 as a probe (Fig. 3). As expected, if
integration took place within a unique site, only two
fragments (2.8 and 4.3 kb in length) were observed in all
of them (lanes 2–5). No hybridization signal was detected
with the genome of untransformed L. casei ATCC 393
(lane 1). Furthermore, it was determined, through PCR
and sequencing of the resulting DNA segment, that in-
sertion of pEM40 occurred in L. casei at the equivalent
position into which the phage A2 integrated in the ge-
nome of L. paracasei, indicating that the two hosts share
FIG. 2. Comparison of the DNA sequences of attP, attR, attL, and attB showing the common 19-bp core region. (Arrow below the attB sequence)
Position of the tRNALeu gene. (Arrow above the attB sequence) Position of primer att7.
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their attB sites. This PCR, which uses an oligonucleotide
from the end of the int gene and another one from the L.
paracasei tRNALeu (att1 and att7; see Table 1 and Fig. 2),
is being routinely used to confirm vector integration into
the genomes of different lactobacilli (see below). Integra-
tion seemed to be completely stable because propaga-
tion of the transformants in nonselective medium for 65
generations, followed by plating onto media with eryth-
romycin, rendered 100% Emr colonies.
A negative control plasmid, pEM47, was generated
from pEM40 by filling in the ClaI site present in the int
gene, which resulted in shifting of its reading frame.
Accordingly, no Emr colonies were found after transfor-
mation of L. casei ATCC 393 with pEM47. It is likely,
therefore, that the information necessary and sufficient
for integration of phage A2 was in the segment between
the nucleotides 409 and 2075 (Fig. 1) and that orfB is a
bona fide integrase gene.
To test whether orfA was the phage excisionase gene
(xis), we constructed the plasmid pEM46, composed of
the cassette orfA–int–attP cloned into pUC19E (see
above), which was electroporated into L. casei ATCC
393; the transformants were selected through their Emr,
and after confirmation of the insertion of pEM46, they
were propagated under nonselective conditions to test
for loss of the Emr. No reversion to Ems was observed,
indicating that if ORFA is the phage excisionase, it was
not sufficient, under the conditions of the experiment, to
reverse vector integration.
Integration into Gram-positive hosts
The highly conserved nucleotide sequence of the
tRNALeu (UUG) gene among Gram-positive bacteria would
presumably provide integration sites for A2 int–attP-
based vectors in other LAB. To test this hypothesis,
plasmid pEM39 was constructed by cloning the A2
int–attP module into the replication-thermosensitive
vector pG1host9 (Table 1). Such a vector allows sep-
aration of transformation from integration by raising
the incubation temperature of transformants. Two
strains, L. plantarum CECT 3801 and Lc. lactis IL1403,
from different genera and, consequently, degree of
genetic relatedness to L. casei, were transformed with
pEM39 at a permissive temperature (30°C). Emr trans-
formants were subsequently incubated at 38°C (Lc.
TABLE 1
Bacterial Strains, Phages, Plasmids, and Primers Used in the Study
Material Relevant features Source or reference
Bacteria
Lactobacillus casei ATCC 393 Plasmid free ATCC*
L. paracasei ATCC 27092 ATCC
L. plantarum CECT 3801 CECT*
Lactococcus lactis IL 1403 Plasmid free, r2 m2 Chopin et al. (1984)
Escherichia coli DH10B Used for general cloning GIBCO BRL
E. coli XL1-Blue Used for M13 cloning Bullock et al. (1987)
Plasmids
pIJ2925 pUC18 derivative, lacZ, Apr Janssen et al. (1993)
pG1host9 Thermosensitive Ori of pGK12, Emr Maguin et al. (1992)
pUC19E pUC19 derivative, Emr Leenhouts et al. (1990)
pEM35 pIJ2925<1.6 kb A2 int-attP Present work
pEM39 pG1host9<1.6 kb A2 int-attP Present work
pEM40 pUC19E<1.6 kb A2 int-attP Present work
pEM44 pIJ2925<1.9 kb A2 orfA-int-attP Present work
pEM46 pUC19E<1.9 kb A2 orfA-int-attP Present work
Phages
A2 Temperate phage isolated from milk whey Herrero et al. (1994)
M13mp18 Used for cloning and sequencing Messing et al. (1981)
M13mp19 Used for cloning and sequencing Messing et al. (1981)
Primers
att1 59-AGCAGGACGAGAAAGCAATGAATGT-39 Present work
att2 59-TCTGTGTCATCGCATCCAGCAGAT-39 Present work
att5 59-ATAAGCCTCCCGCCATTGCTGGT-39 Present work
att6 59-TTGTGTGCCCATATTTCTGAACTCT-39 Present work
att7 59-GCCGGTGTGGCGGAATTGGCAG-39 Present work
att8 59-GCCGAAGTGGCGAAATCGGTAGA-39 Present work
b1 59-TCTCTGATAGACAGTATAGAGGAG-39 Present work
b2 59-CGCTCTCGCGATCGCCAAGAGAC-39 Present work
int1 59-GCTGGATCCAAAATAAAAAGCGCCT-3 Present work
xis1 59-CACGGATCCAGACGACTACAAAG-39 Present work
Note. ATCC, American Type Culture Collection; CECT, Spanish Type Culture Collection.
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lactis) and 40–42°C (L. plantarum) in the presence of
the antibiotic to select for site-specific plasmid inte-
gration. Hybridization of the DNA of the survivors with
a pEM39-derived probe confirmed that the plasmid
had integrated at a unique position in Lc. Lactis, indi-
cating that integration was site specific (Fig. 4a). In the
case of L. Plantarum, plasmid replication was ob-
served, even at temperatures as high as 42°C (the
highest limit for L. plantarum growth), in addition to the
integrated vector (Fig. 4b).
To check whether pEM39 became integrated in L.
plantarum and Lc. Lactis at the same position as it does
in L. casei, PCR experiments were performed using the
primers att1 and att7 (see above). A single band of 0.35
kb was obtained from L. plantarum::pEM39. Its nucleo-
tide sequence proved that pEM39 integrated in the
tRNALeu (anticodon CAA) gene, which showed a 90.59%
identity with the correspondent tRNA of L. casei. More-
over, full identity with the 19-bp core sequence was
found (Fig. 5). No amplification was obtained when the
DNA of Lc. lactis::pEM39 was used as template. To
determine the nucleotide sequence at which integration
took place in this case, a reverse PCR strategy was used.
Total DNA of Lc. lactis::pEM39 was digested with EcoRI,
ligated, and used as template for a PCR amplification
using att1 and att2 as primers (Fig. 1, Table 1). About 400
bp of the resulting 2.5-kb amplicon were sequenced,
revealing that pEM39 integrated into the genome of Lc.
lactis in an intergenic region, using a target site that was
identical to the A2 attP core sequence in 13 of its 19 bp
(Fig. 5). No similarity was found between the surrounding
sequence and those stored in the databases.
The A2 recombination cassette integrates
into the E. coli rrnD operon
The plasmids generated during this work were being
maintained in E. coli. Curiously, subcultures from single
colonies frequently rendered bacteria that contain al-
most no autonomous plasmid but that still conserved the
Emr and Apr phenotype. To learn whether the A2 integra-
tion module was operative in Gram-negative bacteria,
cells of E. coli::pEM39 were grown at 40°C to inhibit
autonomous plasmid replication, and their DNA was
extracted, EcoRI cleaved, and subjected to Southern blot
analysis using pEM39 as probe. This assay revealed
three bands (Fig. 4c), one of 5.4 kb, corresponding to the
remainder of the autonomous plasmid, and two that were
indications of vector integration in E. coli (EcoRI has a
single recognition site in the plasmid, located almost
opposite to the integration cassette). To confirm this
finding and to determine whether attP was involved in
the process, a reverse PCR experiment was applied to
several independently isolated clones using att1 and att2
as primers. In all cases, a single band was amplified
(which was accompanied by a second one that corre-
sponded to a segment generated from the autonomous
plasmid), indicating that insertion of the vector occurred
at a single point in the E. coli genome. Sequencing of the
junction segments revealed that the integration took
place at the rrnD operon, located at 71 min of the E. coli
genome, upstream of gene rrsD that encodes a 16S rRNA
and precisely between nucleotides 3,425,452 and
3,425,460 in the complete physical map of E. coli K12
(Blattner et al., 1997; accession number U00096). The E.
coli attB-like sequence shares 11 bp with that of the
lactobacilli (Fig. 5). Complementarily, it was determined
that insertion did not occur at the E. coli tRNALeu (anti-
codon CAA) gene because a PCR, set up with att1 and
FIG. 3. (A) Schematic of pEM40. The origin of replication in E. coli
(ORI), ampicillin and erythromycin resistance genes (Ap and Em,
respectively), and the integration region of A2 (int-attP) are indi-
cated. (B) Southern hybridization analysis of pEM40 transformants of
L. casei ATCC 393. Total DNA from the untransformed host (lane 1)
and from four independent pEM40 transformants (lanes 2–5) was
digested with ClaI and hybridized to pEM40. The 1-kb ladder (Be-
thesda Research Laboratories) was used as a DNA molecular
weight standard; sizes are given in kilobases. (Extra bands in lane
3) Partial digests.
FIG. 4. Fate of pEM39 cloned into Lc. lactis (a), L. plantarum (b), and
E. coli (c), which were then incubated at 38°C (a), 42°C (b), and 40°C
(c). In each case, three independent clones were taken (lanes 2–4), as
well as the original strains (lanes 1); their total DNA was cut with EcoRI
(which has a recognition site in the plasmid sequence); and the frag-
ments were separated through agarose gel electrophoresis and
probed against pEM39. (Arrow) Band that corresponds to linear pEM39.
(A) Note the high size band. (B) The high size bands are partial digests.
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att8 (Table 1), a primer that matched part of this tRNA
sequence (Komine et al, 1990), did not render any am-
plified segment. Interestingly, the sequences of the
tRNALeu genes from L. casei and E. coli are very similar
toward their 59 ends but differ at their 39 sequences,
which is where the attB core site lies in L. casei.
DISCUSSION
It was previously shown that bacteriophage A2 gener-
ates stable lysogens through integration of its DNA into
the genome of its hosts (Herrero et al., 1994). In this
study, the region involved in the site-specific recombina-
tion between the phage and the host genomes was
characterized. It consists of the attP region and the
integrase gene. The identity of the integrase is deduced
from its significant structural homology to other proteins
of the int family but, more important, because it promotes
site-specific integration of nonreplicative plasmids into
the host genomes, a property that is lost on internal
frame-shifting of the gene. A particular characteristic of
int is the presence of two putative start codons, although
only the second one is preceded by a potential Shine-
Dalgarno sequence. Alternative initiation codons were
also observed in the integrases of bacteriophage f11 (Ye
et al., 1990) and of the conjugative transposon Tn5276
(Rauch and de Vos, 1994); again, the first one was not
preceded by a consensus ribosome binding site. The
biological significance of this finding, if any, remains to
be established.
The attP sequence shows similar characteristics to
those of other attP sites (Diaz et al., 1992; Piersons and
Kahn, 1987): a high A 1 T proportion, a 19-bp core
sequence in which the strand exchange takes place
(also present in the bacterial chromosome), and direct
and inverted repeats that may represent binding sites for
the integrase and possibly other undetermined factors
involved in recombination. Several poly(A) and poly(T)
stretches are also present in the region. These probably
confer an intrinsic curvature to the DNA and presumably
create points of interaction with proteins involved in DNA
metabolism (Hagerman, 1990). However, a consensus
sequence for IHF binding sites (Landy, 1989) was not
found.
Adjacent to orfB lies orfA, which was postulated to
encode the phage excisionase based on its location,
size, and charge, although no functional proof of its role
could be obtained yet. In fact it may be possible that this
orf does not encode a protein needed for phage excision;
first, it does not present the amino-terminal motif noted
by Boccard et al. (1989), which is common to lambdoid
phages and the integrative plasmid pSAM2 of Strepto-
myces ambofaciens. Second, some bacteriophages,
such as the coliphages P2 and 186 and the Hemophilus
influenzae phage HP1, seem to not have an excisionase
gene close to their integrase determinant (Dodd et al.,
1990; Esposito and Scocca, 1994; Saha et al., 1987).
Finally, no phage from a lactic acid bacterium has been
functionally demonstrated to have a xis gene in front of
its integration machinery (Bruttin et al., 1997; Fremaux et
al., 1993; van de Guchte et al., 1994).
The identification of the attB core sequence indicated
that the DNA of phage A2 specifically integrates near the
39 end of the tRNALeu gene (anticodon CAA) of L. para-
casei ATCC 27092. Prophage insertion generates a func-
tional hybrid gene that has a bacterial sequence at its 59
end and a phage sequence at its 39 end. Integration of
phage genomes into tRNA genes is quite common (with
the notable exception of l) and has been found, for
example, in the cases of the mycobacteriophage L5
(tRNAGly), the toxinogenic Pseudomonas aeruginosa
phage fCTX (tRNASer), the Lactobacillus delbrueckii
phage mv4 (tRNASer), and the Streptococcus thermophi-
lus phage Sfi21 (tRNAArg), among others (Bruttin et al.,
1997; Dupont et al., 1995; Hayashi et al., 1993; Lee et al.,
1991). The tRNALeu gene that serves as the attachment
site for phage A2, seems to be a class II-type tRNA gene
because it would need a posttranscriptional modification
to acquire the typical 39-CCA end (Deutscher, 1990).
As stated, most characteristics of LAB that might be
useful in biotechnology are plasmid encoded; examples
include the b-galactosidases of mesophilic lactobacilli
(Mayo et al., 1994), the leuconostoc citrate permease
(David et al., 1990), and the lactococcal proteinase (Kok,
1990). Consequently these traits are unstable, especially
when mass cultures are produced to be used as starters
in industrial fermentations (Sterkenburg et al., 1988).
Thus their stabilization through chromosomal integration
of the responsible genes becomes crucial. This has
promoted research on site-specific integration of lacto-
cocci and thermophilic lactobacilli temperate bacterio-
phages and the development of integrative vectors
(Christiansen et al., 1994; Dupont et al., 1995; Lillehaug
and Birkeland, 1993; Raya et al., 1992; van de Guchte et
al., 1994). However, no such a vector has been devel-
oped using the int–attP region of mesophilic lactobacilli
phages, the kind of LAB that are involved in a wider
range of food and feed fermentations. The vectors de-
scribed here and others derived from them fill the gap,
allowing stable insertion of foreign sequences into the
genome of A2 hosts. In fact, the utility of these vectors
FIG. 5. Extent of the homology between attP and the sequences of
the different hosts into which int–attP-derived plasmids have been
shown to become integrated. (Capital letters in the consensus line)
Nucleotides common to all sequences. In the lactobacilli and E. coli
sequences, a palindrome, recognized by the restriction endonuclease
AgeI, has been noticed.
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may be much wider than initially expected; those carry-
ing the integration region of phage mv4 have been
shown to insert into the chromosomes of several lacto-
bacilli and anaerobic cocci (Auvray et al., 1997). The
A2-derived integrative plasmids further extend the host
range of these vectors, which become integrated into the
genome of the Gram-negative bacterium E. coli, making
them particularly useful for heterologous gene transfer
and stabilization.
Insertion of the vectors occurred at different positions
in the various hosts used, as was also observed by
Auvray et al. (1997), but curiously, it always happened
outside tRNA genes in nonlactobacilli hosts. Further-
more, in the case of both mv4- and A2-derived vectors,
the deduced core sequences varied between their re-
spective hosts, indicating that the integration system has
some flexibility with regard to the sequence of the attB
site. Of them, the trinucleotide CCT was the only stretch
found to be conserved in all attB core sequences recog-
nized by the mv4-derived vectors. On the contrary, a
continuous nonanucleotide consensus sequence was
noticed in the attB sites into which A2-derived vectors
integrate. Within it, the heptanucleotide ATACCGG was
found to be constant, whereas the other two bases were
located on every side of it (Fig. 5). It may also be inter-
esting to note that in addition, a continuous stretch of
four purines and a pyrimidine was found as part of the A2
attB core region, especially if we take into account that a
similar sequence was proposed to be the binding site of
the S. aureus phage L54a integrase (Lee and Buranen,
1989). As it occurred in their case, this sequence was
found several times in the A2 attP segment.
The usefulness of the A2-derived vectors to integrate
genetic traits has been recently proved through insertion
of the phage A2 repressor gene (cI) into the L. casei
genome. The transformants became immune to phage
infection, and this property was stably inherited both
under laboratory (Ladero et al., 1998) and dairy fermen-
tation conditions (unpublished information).
MATERIALS AND METHODS
Bacteria, bacteriophages, and plasmids
The bacterial strains, bacteriophages, and plasmids
used in this study are listed in Table 1. Culture conditions
for E. coli were as described by Sambrook et al. (1989).
Lactobacillus spp. and Lc. lactis strains were grown in
MRS and M17 media, respectively (Biokar, Beauvais,
France) and supplemented with 0.5% glucose, without
aeration, at 30°C (unless stated otherwise). The nonper-
missive temperature for pG1host9 replication was 38°C
for Lc. lactis, 40°C for E. coli, and up to 42°C for the
lactobacilli. When appropriate, erythromycin (Em) was
used at final concentrations of 5 and 250 mg/ml for the
Gram-positive bacteria and for E. coli, respectively. Am-
picillin (Ap) was used at 100 mg/ml. Bacteriophage A2
was propagated on L. casei ATCC 393 or L. paracasei
ATCC 27092, and phage particles were purified as pre-
viously described (Herrero et al., 1994).
DNA techniques
General DNA manipulations such as E. coli transfor-
mation and plasmid isolation, restriction endonuclease
digestions, ligations, gel electrophoresis, and DNA–DNA
hybridizations were performed by standard methods
(Sambrook et al., 1989). Phage A2 DNA was extracted
and purified as described by Sua´rez and Chater (1981).
Total bacterial DNA was obtained as described by Leen-
houts et al. (1989) or, alternatively, using 23 Kirby lytic
mix according to Hopwood et al. (1985). E. coli electro-
poration was done with a BioRad pulser apparatus using
protocols provided by the supplier; lactobacilli were
electroporated as described by Wei et al. (1995), and Lc.
lactis was electroporated as described by Leenhouts et
al. (1989). Nucleotide sequence was determined accord-
ing to the dideoxy-chain termination method (Sanger et
al., 1977) using Sequenase 2.0 (Amersham). Direct se-
quencing of phage DNA was performed as described by
Studier (1989). PCR amplification was performed in a
MiniCyclerTM (MJ Research) using the proofreading Pwo
polymerase (Boehringer-Mannheim) according to the in-
structions of the suppliers. PCR products were directly
sequenced with the Sequenase PCR product sequenc-
ing kit (Amersham). Sequences were analyzed using the
GCG software package (Devereux et al., 1984).
Identification of attR, attL, and attB sites
A reverse PCR strategy was used to obtain host–
phage junction fragments. The template was the total
DNA of a lysogenic derivative of L. paracasei ATCC
27092 digested with BclI or ClaI and ligated under diluted
conditions (5 mg/ml), to favor intramolecular annealing.
The positions and sequences of the primers (att1, att2,
att5, and att6; Table 1, Fig. 1) were deduced from the
nucleotide sequence of the A2 integration region. For
attL, adjacent primers att1 and att2 in opposite orienta-
tions were used to amplify a 1.9-kb BclI DNA fragment. A
0.7-kb ClaI fragment, containing attR, was amplified with
primers att5 and att6. The sequences of the oligonucle-
otides b1 and b2 (Table 1) were deduced from the bac-
terial nucleotide sequence of the host–phage junctions
and used to amplify a 300-bp fragment (attB) on the total
DNA of nonlysogenic L. paracasei. The segments gen-
erated by PCR were sequenced directly (see above).
Construction of integrative plasmids
Amplification of A2 DNA with primers int1 (which in-
cluded a mutation to generate a BamHI restriction site to
facilitate cloning) and att6 (Table 1, Fig. 1), rendered a
1.6-kb fragment containing the cassette int–attP. Simi-
larly, primers xis1 and att6 were used to obtain the
segment composed of orfA–int–attP. After BamHI diges-
tion, the amplicons were cloned into pIJ2925 (Table 1),
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which had been previously digested with BamHI and
HincII, originating pEM35 and pEM44, respectively. The
int–attP module was excised from pEM35 as an EcoRI–
HindIII fragment and subcloned into pG1host9 (Table 1),
originating at pEM39. Similar BamHI–HindIII segments
from pEM35 and BamHI–SphI segments from pEM44
were introduced into pUC19E (Table 1), giving pEM40
and pEM46, respectively.
Nucleotide sequence accession number
The nucleotide sequence of the phage A2 orfA–int–
attP region has been submitted to the EMBL Database
under accession number Y12813.
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